Curvilinear coordinates are used to describe the molecular geometry and the pseudo-Jahn-Teller surface of F-substituted cyclopropane radical cations using the equation-of-motion coupled cluster EOMIP-CCSD/cc-pVTZ approach. The monofluoro derivative 2 undergoes bond pseudolibration (incomplete bond pseudorotation) between two symmetryequivalent biradicaloid forms separated by a barrier of 2.2 kcal mol À1 (1 kcal mol À1 ¼ 4.186 kJ mol À1 ) at low temperature. Bond pseudorotation and ring pseudoinversion have barriers of 12.1 and 16.5 kcal mol À1 respectively. The relative energies of 2 are affected by the distribution of the positive charge in the C 3 ring and the formation of a CF bond with partial p character. There is a change of the CF bond length from 1.285 to 1.338 Å along the bond pseudorotation path. The changes of the CF bond outweigh the deformation effects of the C 3 ring; however, both are a result of the pseudo-JahnTeller effect according to an (A 0 þ A 00 ) (a 0 þ a 00 ) interaction. For the pentafluoro derivative 3 of the cyclopropane radical cation, bond pseudorotation has a barrier of 16.3 kcal mol À1 whereas ring pseudoinversion is hindered by a barrier of 21.7 kcal mol
Introduction
The Jahn-Teller effect (JTE) leads to a distortion of highsymmetry structures of polyatomic molecules with electronic degenerate states. [1] [2] [3] The pseudo-JTE (PJTE) occurs when an excited state of low energy interacts via vibronic coupling with the ground state and this interaction also leads to the distortion of a high-symmetry form. [3, 4] Hence, the PJTE is caused by a pseudo-degeneracy of ground and low-lying excited states. This has led to the formulation of a structural instability theorem: [4] molecules tend to avoid degeneracy or pseudo-degeneracy by means of symmetry-breaking, i.e. deforming from a structure of higher symmetry to a structure of lower symmetry.
Most of the recent work has focussed on how the JTE and PJTE influence structure and stability of high-symmetry molecules with (quasi-)degenerate states. [3] However, a typical (P) JT-distortion can also trigger dynamic processes of which bond pseudorotation is the most fascinating one. [5] [6] [7] As the term suggests, this dynamic process implies a cyclic exchange of bonds in a JT-or PJT-unstable ring system, thus conveying the impression of a rotation of the bonds around the periphery of the ring molecule without generating an angular momentum.
In most cases, bond pseudorotation has been investigated for highly symmetric systems with small pseudorotation barriers leading at room temperature to molecules without a specific structure. [6, 7] In the present work, we will extend our studies to molecules of lower symmetry so that state degeneracy is no longer an issue, where however a PJTE becomes possible. We will show that in these cases, bond pseudorotation is still possible, where however because of the lower symmetry of the PJT surface, new dynamic processes such as incomplete bond pseudorotation or state-flipping via bond exchange will result. When applying internal coordinates or Cartesian coordinates, a JT or PJT surface is difficult or impossible to calculate. In recent work, we have demonstrated [6, 7] that by using a welldefined set of curvilinear coordinates, JTE and PJTE distortions can be quantitatively described, JT or PJT surfaces can be calculated, and the description of dynamic processes such as bond pseudorotation becomes feasible. [6, 7] In the present work, we will use curvilinear coordinates for the description of the JT or PJT surface of the cyclopropane radical cation (1), its monofluoro derivative (2) , and its pentafluoro derivative (3, see Fig. 1 ). We will demonstrate how the PJTE strongly influences the properties and the dynamic behaviour of the latter two radical cations.
The results of this work are presented in the following way. In the Computational Methods section, the mathematical basis of the curvilinear coordinates is sketched and the quantum chemical methods used in this work are described. In the Results and Discussion section, the JT and PJT surfaces of 1, 2, and 3 are described and discussed. In the last section, conclusions and an outlook on future work are given.
Computational Methods
For the purpose of deriving the PJT deformations of 2 and 3, we use the curvilinear coordinates for planar ring systems derived recently. [6, 7] Each planar monocyclic molecule carries out 2N -3 (N: number of ring atoms) in-plane normal mode vibrations, which are best characterized using an N-membered polygon (N-gon) with D Nh symmetry. Each ring carries out a breathing vibration, which preserves the overall symmetry, but however changes the ring bond lengths. Hence, 2N -4 vibrational modes remain, which lead to ring deformations and lower the ring symmetry. As shown by Zou and Cremer, [6, 7] these vibrations can be grouped into N -2 pairs because they are either members of the same E-symmetrical vibration or can be grouped together as they lead to similarly deformed N-gons. This is the case for the b 1u -and b 2u -symmetrical vibration of the 6-gon, which both lead to a D 3h -symmetrical distortion and therefore are taken together as one vibrational pair. [6, 7] By assigning a finite displacement to each vibration, a set of deformation vectors results by which an N-gon is deformed in N -2 characteristic ways. A mathematical equation of the deformation vectors is derived by utilizing group theory and the character table of the D Nh point group. [6] Each of them is spanned by two unit vectors defined in a suitable in-plane coordinate system. Zou and Cremer have shown that the weighting coefficients of the unit vectors can be transformed into curvilinear coordinates by a Fourier transformation. [6, 7] Hence, for each pair of vibrational modes (the normal mode vectors are frozen for fixed-displacement values), two curvilinear coordinates result, which span a two-dimensional deformation space. One is a deformation amplitude t n (with n ¼ 1, 2,y, N -2 corresponding to deformation pair n), which (after appropriate normalization) defines the degree of deformation. The second curvilinear coordinate presents a deformation phase angle t n , which specifies the mode of deformation.
One can define for each two-dimensional deformation subspace two forms, e.g. for t n ¼ 08 and t n ¼ constant the first and for t n ¼ 1808 and t n ¼ constant the second, and then represent any other form with an arbitrary t n and t n as a linear superposition of the two basis forms of the subspace in question. In the case of the three-membered ring, there is only one twodimensional deformation space spanned by t 1 and t 1 . In Fig. 2 (top), selected three-ring forms are shown for a deformation amplitude t 1 ¼ 0.1 Å every 158 for t 1 from 08 to 3608. At the origin of the two-dimensional deformation space (i.e. t 1 ¼ 0 Å ), the undeformed D 3h -symmetrical three-membered ring is located.
The total deformation space of a three-membered ring has the dimension 3 because the two-dimensional deformation space is augmented by a one-dimensional breathing space. If the D 3h -symmetrical form of a given system is defined by a circumscribed circle with radius R 0 , then any deviation from R 0 in the course of a deformation is given by the amplitude t 0 ¼ R -R 0 where R is the radius of the circle of the deformed threemembered ring. The total deformation amplitude T of a deformed three-membered ring is given by amplitudes t 0 and t 1 according to:
The total deformation amplitude T can be used to determine the contribution of each deformation mode n ¼ 0,1 to the total ring deformation (given in percentage) utilizing the ratio t n 2 /T 2 . The ratios are useful for identifying the influence of different physical effects on the electronic structure of the ring molecule.
In previous work, we developed algorithms that convert Cartesian coordinates and internal coordinates into curvilinear coordinates and vice versa. [6] Programs have been written to carry out geometry optimization and frequency calculations in terms of curvilinear coordinates without ever referring to bond lengths or bond angles. [7] All calculations based on curvilinear coordinates and presented in the current work have been carried out with the program RING, [8] which is a part of the ab initio program COLOGNE2013. [9] A dual-level approach was applied in this work to calculate the deformation space of cyclopropane radical cations 1, 2, and 3. Preliminary geometry optimizations were carried out with B3LYP [10, 11] and Dunning's cc-pVTZ basis set. [12] A total of 32 different cyclopropane radical cation forms of 1, 32 of 2, and 38 of 3, preferentially located along the bond pseudorotation path and other predefined positions of the JT-or PJT-deformation surface were calculated. This required that amplitude t 1 and phase angle t 1 were fixed at specific values and the remaining curvilinear coordinates and substituent coordinates were optimized. It is noteworthy that this cannot be done by using Cartesian or internal coordinates because, for example, fixing any pair of internal coordinates does not specify a ring deformation in a systematic way. Hence, the curvilinear coordinates used in this work together with the geometry optimization and vibrational frequency programs based on them provide the only way for a systematic study of JT and PJT surfaces irrespective of the size, symmetry, and degree of substitution of the investigated ring system. In the second step of the dual-level approach, energies and geometries were redetermined at the higher levels of theory because JT or PJT systems are typical multireference problems and cannot be expected to be reliably described at the density functional theory (DFT) level. Therefore, we employed unrestricted coupled cluster theory with all single (S) and double (D) excitations and a perturbative treatment of triple (T) excitations, i.e. UHF-CCSD(T) [13] to get a more reliable description of the geometry of 1. Results were then refined by carrying out MR-AQCC (multireference averaged quadratic couple cluster) [14] calculations in the case of 1 and EOMIP-CCSD (equation-ofmotion ionization potential coupled cluster theory in the single and double excitations approximation) in the case of 1, 2, and 3. [15] [16] [17] The MR-AQCC(5,6)/cc-pVTZ calculations were performed using a two-state averaging procedure and a CASSCF reference function with a five-electron, six-orbital active space. Utilizing the EOMIP-CCSD method, the geometries of 1, 2, and 3 were reoptimized. All high-level calculations were carried out with the cc-pVTZ basis set. [12] The potential energy function of the JT or PJT surface was expressed in the form of a truncated power series for the deformation amplitudes t n and in the form of a Fourier expansions for the phase angle t n :
where n ¼ 1 for the radical cations investigated in this work. V 0 is the energy of the D 3h -symmetrical reference form and the dependence on R has been dropped because in all cases investigated, t 0 changes by less than 1.5 Â 10 À2 Å . The subscripts of the potential coefficients V indicate (in the first position) the value of n by position (t 1 : position 1), the power of t n by giving the relevant exponent, and (in the second position) the multiplicity m of the potential via cos m t n . For example, V 22 is the coefficient of the term t 1 2 cos 2 t 1 . Beside using the quantum chemical program package COLOGNE2013, the programs CFOUR [18] and MOLPRO [19] were used for the high-level coupled-cluster calculations.
Results and Discussion
In Fig. 1 , the molecular geometries calculated at the stationary points are summarized. In Table 1 , the corresponding relative energies and deformation coordinates are listed obtained at the EOMIP-CCSD, MR-AQCC or UB3LYP levels of theory. The analytical form of the JT or PJT surface is given in Table 2 .
Although some of the results for the parent molecule 1 were published previously, [6] the revised EOMIP-CCSD results are needed as reference for the fluoro-substituted systems and will be shortly discussed in the following.
Cyclopropane Radical Cation (1) In Fig. 3 , the two antisymmetric Walsh orbitals of the D 3h -symmetrical cyclopropane radical cation are shown. These are degenerate and occupied by just three electrons, which implies a Jahn-Teller unstable 2 E 0 state with distinct multireference character. A JT distortion of e 0 -symmetry leads to a stabilization of the 2 E 0 state, which adopts a C 2v -symmetrical form as shown on the right and the left of Fig. 3 . The JT Fig. 3 , left side). However, if the distortion implies the partial removal of a methylene group from the remaining ethene base, a structure similar to an ethene-methylene p-complex results, for which the (stabilized) a 1 -symmetrical MO is energetically below the (destabilized) b 2 -symmetrical MO, thus yielding a 2 B 2 ground state. This is the traditional presentation of the JTE in 1 where, however, an important aspect is not considered. As shown in Fig. 2 , the two-dimensional space spanned by the curvilinear coordinates t 1 and t 1 hosts an infinite number rather than just two JT distorted forms. To identify the most stable of the JT forms of 1 and possible interconversion modes between them, one has to determine major parts of the JT deformation surface (JT surface). [6] In Fig. 4 , a contour line diagram of the C 3 -symmetrical surface is shown where the variation of the energy is given by a colour code. At the centre of the diagram (t 1 ¼ 08), there is an energy maximum of 21.4 kcal mol À1 , which is the position of the JT-unstable D 3h -symmetrical form. There are three symmetryequivalent minima (DE ¼ 0 kcal mol À1 ) at t 1 ¼ 08, 1208, and 2408, which are occupied by the biradicaloid forms of 1 (see Fig. 4 ). These forms can convert into each other by following the dotted path on the JT surface, which requires that energy barriers of 2.4 kcal mol À1 are surmounted. The transition states of the rearrangement process correspond to the ethenemethylene p complexes at t 1 ¼ 608, 1808, and 3008.
If radical cation 1 follows the dotted minimum-energy path on the JT surface, it undergoes the process of bond pseudorotation. In Fig. 2 , bond pseudorotation is illustrated by following the long (red) CC bond in the biradicaloid form at t 1 ¼ 08 along the pseudorotation path. To identify its position in the threemembered ring, C atom 1 is indicated by a black dot. For a complete pseudorotation cycle, the red bond rotates once around the periphery of the three-membered ring without generating an angular momentum. This becomes possible because of bond switching events at t 1 ¼ 608, 1808, and 3008, which are the locations of the ethene-methylene p-complexes. In these forms, there are two long CC interactions so that the red target bond can switch from one side to the other of the ring (see Figs 2, 4) .
Of course, the rotation of the red target bond involves a similar rotation of all ring bonds and therefore the term bond pseudorotation has been coined. By following the movement of the atoms, it can easily be shown that bond pseudorotation is a result of the rotation of all C atoms around positions they would take in the D 3h -symmetrical form, i.e. in the 3-gon. The rotations are phase-shifted by 1208 and are characterized by a rotation radius directly related to the deformation amplitude t 1 .
The energy change along the bond pseudorotation path is small, which means that pseudorotation is a rapid process at room temperature. The energy change along the path can be easily analysed using the deformation coordinates. In Fig. 5 , the total deformation amplitude T along the bond pseudorotation path is given as a function of the deformation phase angle t 1 . A large T value implies a strong JT-distortion and thereby also a strong stabilization of the three-membered ring. The T value of the biradicaloid forms at t 1 ¼ 08, 1208, and 2408 is the largest (T ¼ 0.15 Å , MR-AQCC value, Table 1 ) found along the bond pseudorotation path because these forms can distort by only lengthening one CC bond whereas in the ethene-methylene p-complex, two CC interactions have to be weakened, which limits the overall deformation because it can easily lead to fragmentation of the radical cation 1.
Monofluorocyclopropane Radical Cation (2)
Radical cation 2 is not a JT system because its ground state is not degenerate. However, in a hypothetical reference form with a D 3h -symmetrical C 3 ring, the 2 A 00 ground state can interact with a low-lying excited state via vibronic coupling involving either an a 0 -or a 00 -symmetrical vibrational mode or a linear combination of these modes. In short, an (A 0 þ A 00 ) (a 0 þ a 00 ) interaction leads to a distortion of the molecular geometry because of a PJTE. This vibronic coupling mechanism is relevant for the whole PJT surface and determines the relative energies of the various forms of 2. The calculated PJT surface is shown in Fig. 6 in the form of a contour line diagram (top) and a perspective drawing of the three-dimensional surface (bottom). The energy difference of 16.5 kcal mol À1 between the reference form at the origin of the PJT surface and the equilibrium forms of 2 at 1198 and 2418 provides a qualitative comparison for the degree of PJT stabilization in 2 and JT stabilization in 1 ( 
vs 20.3 kcal mol
À1 at the EOMIP-CCSD/cc-pVTZ level). Hence, the JT effect has a larger energetic effect than the PJTE although the two systems are closely related and the deformation amplitudes T at the energy minima (0.140 vs 0.144 Å , Table 1 ) suggest the larger distortion for the PJT system.
The equilibrium geometries of 2 are found for the biradicaloid forms at t 1 ¼ 1198 and 2418 for which the F atom is positioned at one of the terminal C atoms (Fig. 6, Table 1 ). The latter carry most of the positive charge. F can interact with carbenium atoms by p-donation, thus establishing a CF bond with partial double-bond character. [20] This leads to an overall stabilization of the radical cation located at the two energy minima at 1198 and 2418 (see lower part of Fig. 6 ). A path of minimum energy connects these minima on the PJT surface. The barrier to interconversion is 2.2 kcal mol À1 where the ethenefluoromethylene-p complex is positioned at the transition state (TS) of this process. At low temperatures, rapid interconversion of the biradicaloid forms at 1198 and 2418 is possible, whereas bond pseudorotation should take place only at room temperature because of a relatively high energy barrier of 12.0 kcal mol
À1
. In physics, an incomplete rotation is called a libration. Therefore, we call the interconversion between the biradicaloid forms at 1198 and 2418 a bond pseudolibration, which at low temperatures will be the dominant rearrangement process. With increasing temperature, it can extend to a complete bond pseudorotation along the dotted path in Fig. 6 . The bond pseudorotation path has to pass a high-lying energy plateau of 12 kcal mol
, which is populated by slightly distorted biradicaloid forms with F at the central rather than the terminal C atoms (see Fig. 2 ; there, the long CC interaction of the biradicaloid forms at t 1 ¼ 08, 1208, 2408 is given in red). On the energy plateau, there is a flat energy minimum at t 1 ¼ 08 and t 1 ¼ 0.147 Å , which is 11.9 kcal mol À1 above the global minima. The local minimum is separated from the lower-lying energy regions by two TSs at 158 and 3458 by a barrier of just 0.1 kcal mol
. The central energy mountain of 16.5 kcal mol À1 makes a ring interconversion from 08 to 1808 at lower temperatures similarly as unlikely as the bond pseudorotation process. At room temperature, the direct interconversion from 08 to 1808 becomes possible. As this rearrangement resembles an inversion of puckered ring conformations through a planar ring (the planar ring is a reference form as in the D 3h -symmetrical C 3 ring in the case of 1 and 2), we call the interconversion from 08 to 1808 a ring pseudoinversion. This process can also be viewed as bondstretch isomerism between the forms at 08 to 1808 because a short(er) and a long(er) bond are pairwise interconverted. Furthermore, it has to be noted that the ring pseudoinversion path after passing the maximum at t 1 ¼ 08 has a valley-ridge inflection point at which two side paths develop that lead directly to the global minima at 1198 and 2418. In the perspective drawing of the three-dimensional PJT surface of Fig. 6 , the ridge path down to the TS at t 1 ¼ 1808 is clearly visible, i.e. the TS of bond pseudolibration is a bifurcation point of the ring pseudoinversion path.
The PJT energies of 2 are strongly affected by the CF bondstabilization effect. This is illustrated in Fig. 7 where the changes of the CF bond length along the bond pseudorotation path are plotted as a function of the deformation phase angle t 1 . For t 1 values close to 08, there is no CF p-delocalization from F to C (C has only little positive charge) and therefore the CF bond is long (EOMIP-CCSD: 1.327 Å , Fig. 1 ; UB3LYP: 1.339 Å , Fig. 7) . At 1198 and 2418, the CF partial double-bond character is most strongly developed, thus leading to the shortest CF bonds (1.284 Å ). Positive charge is also found for the methylene group in the ethene-methylene p-complex at 1808. However, both the charge value and the partial CF double-bond character are less developed and therefore a somewhat longer CF bond results (1.286 Å ), which is in line with the energy increase of 2.2 kcal mol À1 . It is tempting to explain the relative energies of different forms of 2 exclusively by the partial double-bond character of the CF group. However, it has to be emphasized that the deformation of the radical cation is caused by the PJTE, which is the consequence of a low-lying excited state interacting via vibronic coupling with the ground state. The vibronic coupling mechanism involves not only ring but also substituent vibrations, i.e. the a 0 þ a 00 -symmetrical CF vibrational modes also contribute to the PJTE. We have shown in recent work that the locations of the ring substituents can be expressed in terms of curvilinear coordinates and that any change in the substituent positions in the course of the PJTE is sensitively registered by the latter. [7] For example, the a 0 -symmetrical CF stretching vibration makes a contribution to the PJTE at 1808 rather than at 08. Hence, the PJTE is the actual cause for ring deformation and charge distribution, which in consequence can lead to the development of partial p character of the CF bond.
So far, our analysis of the PJT-distortions of 2 focussed on the PJT energy surface, which changes to an enthalpy surface if vibrational and thermochemical corrections are included. Clearly, in such a situation, the minimum at t 1 ¼ 08 vanishes (as verified in this work by vibrational frequency calculations at the DFT level) and a single TS at t 1 ¼ 08 develops. There is still a bond pseudorotation path leading up a valley to an enthalpy plateau at t 1 ¼ 0 AE 208. The topology of the PJT surface does not change and the same dynamic processes as discussed above take place on the PJT enthalpy surface.
Pentafluoro Cyclopropane Radical Cation (3)
The PJT surface of 3 differs significantly from that of 2 in so far as the relative energies are reversed and the bond pseudorotation path has a much larger variation in t 1 (see Fig. 8 ). The most stable form is found for t 1 ¼ 08 and t 1 ¼ 0.214 Å ( Table 1 , Fig. 1 ). In this geometry, the H atom is located at the central atom, i.e. four of the five F atoms are positioned at the positively charged terminal C atoms and therefore establish CF bonds with partial p character (1.267 and 1.270 Å ; see Fig. 1 ), which leads to an overall stabilization of the radical cation 3.
There are local minima at t 1 ¼ 1198 and 2418, with the H atom in one of the positions at the terminal C atoms of the biradicaloid form. The EOMIP-CCSD energy of these forms is 5.0 kcal mol À1 relative to that of the global minimum at t 1 ¼ 08 and separated from the latter by energy barriers of 11.1 kcal mol À1 , which are located at t 1 ¼ 818 and 2798 (t 1 ¼ 0.109 Å ). The barrier between the local minima at t 1 ¼ 1198 and 2418 is 16.3 kcal mol À1 and located at t 1 ¼ 1808 (t 1 ¼ 0.104 Å ). The barrier for ring pseudoinversion is 21.7 kcal mol À1 and by this comparable with that of 1.
At reduced temperatures, radical cation 3 can undergo bond pseudolibration involving the three minimum structures and requiring to pass barriers of 11.1 kcal mol À1 at t 1 ¼ 818 and 2798. At somewhat higher temperatures, bond pseudorotation becomes possible (barrier: 16.3 kcal mol À1 ), and at room temperatures, even the crossing of the central maximum (21.7 kcal mol À1 ) in the form of a ring pseudoinversion can no longer be excluded. In this regard, the dynamic processes in 2 and 3 are similar although there are differences in the details. The bond pseudorotation path of radical cation 3 is strongly curved, which is reflected by the total deformation amplitudes T (variation between 0.105 and 0.284 Å ; see Table 1 ) and which is three times as large as that calculated for 2 and four times as large as that for 1. Accordingly, the CC interaction distances of 3 vary between 1.436 and 2.163 Å . We note that the atoms make a similar movement when circling around their fixed points. The strong curving of the bond pseudorotation path is a direct result of the pentafluorination of the radical cation and reveals that the electronic structure changes in 3 are larger during bond pseudorotation than in 1 and 2.
The biradicaloid forms can widen the C Á Á Á C up to the breaking point (the C Á Á Á C distances obtained are typical of TS distances for CC bond formation or cleavage). However, in the cases of the p-complex forms at t 1 ¼ 818, 1808, or 2798, any larger deformation will lead to dissociation by removing the CHF or CF 2 group from the ethene basis. In this connection, it is interesting to note that the biradicaloid minima are located in flat valleys extending radially to larger T values (see Fig. 8 ). This indicates that the biradicaloid forms can carry out a largeamplitude C Á Á Á C stretching vibrations.
If four electronegative F atoms are bonded to the terminal C atoms of the biradicaloid form, hybridization partly converts from sp 3 into sp 2 p to increase the p interactions between C and the F atoms. Consequently, the bonding interactions between the terminal C atoms become much weaker and the weakening is enhanced by exchange repulsion between the terminal F atoms. The ring of 3 opens, which is reflected by a C2C3 distance of 2.012 Å compared with values of 1.825 and 1.837 Å in the case of 1 and 2 respectively (t 1 ¼ 08, see Fig. 1 ). Noteworthy is that DFT as the method, which includes far fewer non-dynamic electron correlation effects, leads to much larger deformations of the three cyclopropane radical cations, which confirms how important the use of multireference methods is to obtain a reliable description of the JT or PJT surfaces.
Radical cation 3 in its equilibrium geometry is best described as a biradical cation with trimethylene character. It has to be noted that so far experimentalists have unsuccessfully searched for a trimethylene radical cation. Perfluorinated or strongly fluorinated radical cations such as 3 seem to be promising candidates for realizing an F-substituted trimethylene radical cation. Molecule 3 is more stable than radical cations 1 and 2 because it has four F atoms in the terminal positions of the biradicaloid form corresponding to the equilibrium energy. This can be illustrated by the following formal reaction:
which is exothermic by 25.40 kcal mol
À1
. Obviously, the CF stabilization in five molecules of 2 determines the exothermicity of this reaction. In the equilibrium geometry of 3, only four F atoms can take such an optimal position. Of course, this implies that five molecules of 2 are needed to outweigh the stability of 3 where it is assumed that 1, which does not benefit from any partial CF double bond character, is the least stable radical cation.
Conclusions
Curvilinear coordinates are very well suited for describing the geometry of ring molecules and spanning a (2N -3)-dimensional JT or PJT surface. They define the molecular geometry without ever referring to bond lengths and bond angles. The curvilinear coordinates used in this work form of a set of 2N -4 deformation amplitudes and deformation phase angles, which were used to describe JT and PJT deformations of cyclopropane radical cations. We have derived them in such a way that geometry optimization and vibrational frequency calculations can be carried out without referring to internal coordinates. For three-membered ring systems such as 1, 2, and 3, the curvilinear coordinates are t 0 (related to the breathing radius R), t 1 , and t 1 . The deformation amplitudes t 0 and t 1 are used to define the total deformation amplitude T that gives a direct quantitative measure of the extent of JT-or PJT-distortion.
1. A large total deformation amplitude T indicates a large PJT deformation and thereby a large stabilization relative to a reference form with a D 3h -symmetrical three-membered ring. The analysis of JT-or PJT-distortions in terms of internal coordinates is difficult and in most cases not conclusive. However, the analysis based on curvilinear coordinates tremendously facilitates the understanding of structure and stability of JT-or PJT-distorted forms. 2. The cyclopropane radical cation 1 is a JT-unstable system that deforms to C 2v -and C s -symmetrical forms filling a twodimensional JT space spanned by the deformation amplitude t 1 and the deformation phase angle t 1 . Radical cation 1 undergoes bond pseudorotation on the JT surface surmounting a barrier of just 2.1 kcal mol À1 . 3. The dynamic process of bond pseudorotation involves the rotation of all ring bonds around the periphery of the ring (see Fig. 2 ). Bond pseudorotation is the result of the fact that all ring atoms rotate around fixed points given by a 3-gon with a radius depending on t 1 and the rotation of different atoms being phase-shifted by an angle of 360/3 ¼ 1208. 4. The energy change of 1 along the bond pseudorotation path is a function of the total deformation amplitude T. The biradicaloid forms can lead to larger T values because only one of the three CC interactions is weakened whereas for the ethene-methylene p-complex forms, two CC interactions are weakened, which limits the magnitude of the deformation given by T. 5. For the two F-substituted cyclopropane radical cations 2 and 3, the PJTE, corresponding to an (A 0 þ A 00 ) (a 0 þ a 00 ) interaction, determines structure and stability. The PJT surfaces obtained for the two radical cations differ significantly from the JT surface of the parent radical cation and from each other, thus reflecting the different impact of the fluoro substituents. 6. Two new dynamic processes are described for the F-substituted radical cations: (i) bond pseudolibration is an incomplete bond pseudorotation process, which takes place at lower temperatures and is only hindered by relatively small barriers (2, 2.2 kcal mol
À1
; 3, 11.1 kcal mol À1 ); and (ii) ring pseudoinversion is a dynamic process of relatively high energy and implies that the molecule crosses the central maximum (2, 16.5 kcal mol ) and ring pseudoinversion, i.e. the PJT surfaces of 2 and 3 (Figs 6, 8) will be populated according to a Boltzmann distribution. In this way, averaged molecular properties can be determined and compared with experimental results. [21] 8. Energy trends in 2 and 3 can be easily explained considering the distribution of the positive charge among the three C atoms in the biradicaloid and ethene-methylene p-complex forms and the positions of the CF bonds. If F is bonded to a strongly charged centre, p donation from F to C will lead to partial double-bond character and an overall stabilization of the ring system. The more such CF partial double bonds are established, the more stable is the ring configuration in question. 9. Penta-and perfluorocyclopropane radical cations possess the structure of a trimethylene radical cation. In future work, we will study their reactions.
